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Abstract
In order to establish the correlation between the magnetoelectric coupling and
magnetic instability, we have studied the structural, magnetic, and ferroelectric
properties of BaTiO3 modified BiCoO3 i.e. xBaTiO3-(1-x )BiCoO3 as a func-
tion of BaTiO3 concentration (x) and volume from a series of general−gradient−
corrected, full potential, spin−density−functional band−structure calculations
within the framework of density functional theory along with synchrotron X−ray
diffraction and magnetic measurement studies .Our total energy calculation
shows that the G−type antiferromagnetic (AFM) spin configurations with both
inter− and intra−layer AFM coupling were found to be energetically favorable
among all the considered magnetic configurations for x < 0.45 and higher con-
centrations stabilize with nonmagnetic (NM) states. We observe metamagnetic
spin state transitions associated with paraelectric to ferrolectric transitions as
a function of volume and x using synchrotron diffraction and computational
Email address: raviphy@cutn.ac.in (P. Ravindran)
Preprint submitted to Journal of LATEX Templates February 14, 2019
ar
X
iv
:1
90
2.
05
01
3v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 13
 Fe
b 2
01
9
studies, indicating a strong magnetoelectric coupling. Specifically for x = 0.33
composition, a pressure induced high spin (HS) to low spin (LS) transition oc-
curs when the volume is compressed below 5%. Our orbital−projected density
of states show a HS state for Co3+ in the ferroelectric ground state for x <0.45
and the corresponding paraelectric phase is stable in the NM state due to the
stabilization of LS state as evident from our fixed−spin−moment calculations
and magnetic measurements. Chemical bonding has been analyzed using partial
density of states, electron localization function(ELF), and Born effective charge
analysis. Our ELF analysis confirms the presence of stereochemically active lone
pair electrons at the Bi sites which are mainly responsible for the off−center dis-
placements of Bi atoms. High values of spontaneous ferroelectric polarizations
are predicted for lower x values which inversely vary with x because of the re-
duction of tetragonality (c/a) with increase in x which indicates the presence of
both spin-lattice and ferroelectricity-lattice. Our partial polarization analysis
shows that not only the lone pair at Bi sites but also the d0−ness of Ti4+ ions
contribute to the net polarization. Moreover, we find that the HS−LS transition
point and magnetoelectric coupling strength can be varied by x.
Keywords: magnetoelectric, metamagnetism, ferrolectric perovskite, ab−initio
calculations
1. Introduction
In a broad range of industrial and scientific fields, the research of perovskite
materials (ABO3) with both high Curie temperature (TC) and excellent ferro-
electric(magnetic) performance are widespread because of their application in
sensors, actuators, transducers, and so on within a wide temperature range.[1,
2] Magnetoelectric (ME) multiferroics with coupled (anti−)ferroelectric and
(anti−)ferromagnetic ordering have gained attention as they provide the oppor-
tunity for developing tunable devices.[3, 4, 5, 6, 7] Bi−based multiferroics have
become a center of attraction due to the high value of electric polarization,[8, 9]
and Bi3+ is more environment−friendly than Pb2+. In addition, the stere-
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ochemical activity of Bi3+ is being exploited in magnetic oxides, with the
goal of forming the ferromagnetic-ferroelectric coupling. Recently, Bi−based
perovskites of BiMeO3, in which Me are cations with an average valence of
+3, have been adopted to form a binary system with BaTiO3, so that the
high−temperature ferroelectric properties are optimized.[10, 11, 12] Further-
more, the B−site cations also introduce new properties. BaTiO3−based per-
ovskite compounds are significant multifunctional materials, which have been
extensively researched in the last half century.[13, 14, 15]Through chemical mod-
ification using BaTiO3, we can manipulate the physical properties of many
compounds like ferroelectric, piezoelectric, and other properties.[16] For exam-
ple, investigations on the multiferroic material are particularly of interest in
BaTiO3−BiFeO3 (BF−BT).[17, 18] This series exhibits excellent ME properties
and high TC (TC of 580−61900C).[19] Kumar et al.[20] reported that BF−BT
system changes from rhombohedral to cubic symmetries for 0.1 < x < 0.7, and
then to a tetragonal symmetry for x < 0.1. However, a non−centrosymmetric
tetragonal symmetry was reported by Kim et al.[21] by neutron diffraction stud-
ies for x < 0.6. In fact, the substitution of Ba2+ for Bi3+ and Ti4+ for Co3+
lead to more complex structural changes.
It is also worth noting that in BF−BT solid solutions two competing mech-
anisms for ferroelectricity coexist, i.e., the lone pair of the Bi atoms that shifts
the Fe/Ti ion and also the Ti−O covalent bond that brings off−center displace-
ments. In fact, these are the individual mechanisms for ferroelectricity existence
in BF and BT compounds, respectively. However, (1-x)BiFeO3−xBaTiO3 sys-
tem has some drawbacks. Firstly, the coexistence of Fe2+ and Fe3+ in these ce-
ramics results in too high dc electrical conductivity at high temperatures due to
a phonon−assisted electron hopping mechanism.[22] Therefore, the system must
be sintered in an oxygen atmosphere and needs chemical modification to improve
its resistivity.[19] Secondly, chemical doping has been strategically employed
to improve the electrical properties in BiMeO3−based ceramics. Nevertheless,
most of the dopants added or substituted into the (1-x)BiFeO3− xBaTiO3 sys-
tem lattice tend to lower TC , limiting the temperature range of its use.[22, 23]
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It may be noted that BiCoO3 is isostructural with tetragonal BaTiO3 (space
group P4mm) where the Co3+ (3d6) ion adopts high−spin configurations at
ambient conditions with a magnetic moment of 2.75µB/Co. The Co
3+ atoms
go from high spin (HS) to low spin (LS) state around 5% volume compres-
sion indicating the presence of metamagnetism in the system. Isolated layers
of corner−shared CoO5 pyramids are formed due to strong tetragonal distor-
tion and the presence of lone pair electrons from the Bi3+ ion brings offcenter
displacement resulting ferroelectricity. The tetragonality (c/a = 1.27, where a
and c are the lattice constants) of BiCoO3 is much larger than that of BaTiO3,
which indicates a larger ferroelectric polarization (Ps).[24, 25] Our previous
first−principles Berry−phase calculations evaluated a giant electric polariza-
tion of 179µCcm−2 for BiCoO3. In addition, the C−type antiferromagnetic
(C−AFM) configuration was found to be the most stable phase among all the
possible spin configurations considered for our total energy calculations. It was
confirmed by the neutron powder diffraction (NPD) experiment that BiCoO3 is a
C−AFM insulator with the Ne´el temperature (TN ) of 470 K.[24] It is interesting
to note that the antiferromagnetic ferroelectric ground state tetragonal P4mm
structure changes to a non−magnetic cubic paraelectric Pm-3m structure un-
der volume compression. So, we have concluded that BiCoO3 is having strong
coupling between magnetic and electric order parameters. This giant electro-
magnetic coupling is resulting from metamagnetism originating from HS−LS
state transition of Co3+ ion. So, tetragonal phase of BiCoO3 is a promising
candidate to use as ME material for various applications. However, difficulty
in synthesizing this compound in large quantity(this material is usually syn-
thesized by high pressure high temperature technique) hamper its use. This
motivated us to look for ME behavior in composite MEs based on BiCoO3.
One can tune the properties of complex transition metal oxides by cation sub-
stitutions, where the B− site could exhibit fascinating cooperative electric order
parameters i.e. spin, orbital and electron order. The coupling between lattice
and these order parameters could bring out novel physical phenomena, in which
lattice is coupled with ferroelectric, ferromagnetic, and orbital degrees of free-
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dom resulting colossal magnetoresistance[26], high TC superconductivity[27],
multiferroism[28] etc. The flexibility in the crystal structure of bismuth−based
perovskites provides an opportunity to explore unusual physical properties by
chemical modification at A and/or B−sites. Hence, in this work, the structural
and the ME properties of composite ferrolectric xBaTiO3−(1-x)BiCoO3 were
investigated using ab-initio total energy calculations. On one hand, these com-
pounds are attractive due to the absence of toxic Pb content and on the other
hand, they enhance physical properties compared with conventional ferroelec-
tric materials. Further, as we have predicted giant ME coupling in BiCoO3, the
coupling can be tuned by varying the x and through that identify potential new
materials with desired ME coupling strength. This motivated us to take the
present study.
2. Experimental and Computational Details
2.1. Sample preparation
All samples were prepared with a cubic anvil-type high-pressure apparatus.
Stoichiometric mixture powder of BaO, TiO2, Bi2O3, and Co3O4 was sealed in
a gold capsule and reacted at 6 GPa and 1473 K for 30 min. A 10 mg amount
of the oxidizing agent KClO4 (about 10 wt% of the sample) was added to the
top and bottom of the capsule in a separate manner. The obtained sample was
crushed and washed with distilled water to remove the remaining KCl. After
high pressure synthesis, the samples were carefully grounded and annealed at
673 K for 1 hour and slowly cooled to room temperature. The X-ray diffraction
(XRD) patterns were collected with the Bruker D8 ADVANCE diffractometer
for phase identification at Argonne National Laboratory.
2.2. Magnetic measurement
The temperature dependence of the magnetic susceptibility (ZFC/FC) was
measured with a SQUID magnetometer (Quantum Design, MPMS XL) in an
external magnetic field of 1000 Oe.
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2.3. First-principle calculations
First−principles DFT calculations were performed using the Vienna ab-initio
simulation package VASP,[29] within the projector augmented wave (PAW)
method[30] as implemented by Kresse and Joubert.[29] In this approach, the
valence orbitals are expanded as plane waves and the interactions between
the core and valence electrons are described by pseudopotentials. Since one
of the main aims of the present work is to determine ground-state structures for
xBatiO3−(1-x )BiCoO3, we have performed structural optimization using force
and stress minimization. The optimization of the atomic geometry is performed
via a conjugate-gradient minimization of the total energy, using Hellmann-
Feynman forces on the atoms and stresses in the unit cell. During the sim-
ulations, atomic coordinates and axial ratios are allowed to relax for different
volumes of the unit cell. These parameters are changed iteratively so that the
sum of lattice energy and electronic free energy converges to a minimum value.
Convergence minimum with respect to atomic shifts is assumed to have been at-
tained when the energy difference between two successive iterations is less than
10−6 eV per cell and the forces acting on the atoms are less than 1 meVA˚−1.
Among the considered various crystal structures, the structure with the lowest
total energy is taken as the ground- state structure.
The generalized gradient approximation (GGA)[31] includes the effects of
local gradients of the charge density and generally gives better equilibrium
structural parameters than the local density approximation (LDA). Ferroelectric
properties are extremely sensitive to structural parameters and atom positions
and hence we have used GGA for all our studies. The present study we have
used GGA with the Perdew−Burke−Ernzerhof (PBE)[32] and this functional
gave good structural parameter for close relevant system BiFeO3.[8] We have
used 800 eV plane−wave energy cutoff for all the calculations. The calcula-
tions are carried out using 6x6x6 Monkhorst−Pack k−point mesh [33] centered
at the irreducible Brillouin zone for the ferroelectric P4mm. We have used
same energy cutoff and k−point density for all the calculations. The com-
putations were performed in paramagnetic(PM), ferromagnetic(FM) and three
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antiferromagnetic (AFM) i.e. A−type antiferromagnetic (A−AFM; where the
intraplane exchange interaction is ferromagnetic and interplane interaction is
antiferromagnetic), C−type antiferromagnetic (C−AFM; where the intraplane
exchange interaction is antiferromagnetic and interplane interaction is ferro-
magnetic), and G−type antiferromagnetic (G−AFM; where both intraplane
and interplane exchange interactions are antiferromagnetic) configurations.[34]
The Born effective charge are calculated using the so−called “Berry phase finite
difference approach” in which the electronic contribution to the change of po-
larization is estimated using the modern theory of polarization.[35, 36] For the
k−space integrations in the Berry−phase calculations, a uniform 8x8x8 k−point
mesh was found to be adequate for BiCoO3 and the same density of k−point
is used for all the other compositions. In order to study metamagnetism, it is
advantageous to calculate the total energy as a function of the magnetic mo-
ment using the so−called fixed−spin−moment method,[37] where one uses the
magnetic moment M as an external parameter and calculates the total energy
as a function of M. So, we have adopted the same approach to investigate the
metamagnetism in the present study.
3. Results and discussions
3.1. Structural details
BiCoO3 has a tetragonal perovskite structure with space group P4mm[24]
so as tetragonal BaTiO3[38] but with more electrical polarization.[9] In our
previous work, pressure driven spin transition was observed in BiCoO3 where
the ground state ferroelectric P4mm state changes to paraelectric Pm − 3m
state around 5% volume compression. Also, the paraelectric phase resembles a
non-magnetic LS state where the ferroelectric phase shows a magnetic HS state
showing the coupling between the magnetic and electric order parameter is very
high. Giant ME coupling was also found in BiCoO3 which is originating from
the HS−LS transition of Co3+ ions.[9] We have substituted BaTiO3 in BiCoO3
to get composite ferroelectrics with composition xBaTiO3−(1-x)BiCoO3 where
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the A site is occupied by Bi and Ba and B site is occupied by Co and Ti. We
have performed first−principle calculations for x = 0.25, 0.33, 0.5, 0.67, 0.75
and 1 compositions. To understand the pressure dependence of the lattice pa-
rameters and spin state transition for 0.33BTBCO, we have performed the total
energy calculation as a function of volume for the fully relaxed experimental
structure. In cobaltites, the HS to LS transition can be obtained by doping,[39]
temperature driven route, and pressure driven route.[9]
Figure 1 shows the XRD patterns for 0.2BTBCO compounds which was col-
lected by high-energy synchrotron X−ray diffraction (SXRD) of wave length
0.117 A˚. The structure refinement of xBaTiO3−(1-x)BiCoO3 was done with the
starting structural model (space group P4mm) which is based on the crystal
structure of BaTiO3 where the atomic positions of Ba/Bi is fixed at (0, 0, 0),
Ti/Co at (0.5, 0.5, zTi/Co), O1 at (0.5, 0.5, zO1) and O2 at (0.5, 0, zO2).
The SXRD pattern for 0.2BTBCO was fitted well by this model. The SXRD
pattern for other compositions are given in the supporting information.Our ex-
perimental crystal structures data obtained from SXRD measurements were
optimized using VASP. The calculated total energy versus volume curves for
ferroelectric and paraelectric phases of 0.33BTBCO are given in Figure 2. The
equilibrium volume obtained from Figure 2 using the Birch−Murnaghan equa-
tion of states (EOS)[40] and the corresponding calculated lattice parameters
are in good agreement with our corresponding experimental values. The bulk
modulus and its pressure derivative are found to be 105 GPa and 26.6, respec-
tively for 0.33BTBCO. The calculated total energy curves for ferroelectric phase
show two minima and one saddle point. This kind of feature was already ob-
served in BiCoO3 and this was associated with the metamagnetism originating
from spin state transition. Similar to BiCoO3 a pressure−induced metamag-
netic transition is observed in 0.33BTBCO where the Co3+ transforms from
magnetic HS(ferroelectric) state to non−magnetic low−spin(paraelectric) state
which can be seen in the discontinuity in E vs. V curve shown in Figure 2. It
is interesting to note that the equilibrium volume for the paraelectric phase is
closer to a volume corresponding to the local minimum in the ferroelectric phase.
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Figure 1: (Color online) (Color online) X−ray powder diffraction patterns for 0.30BT-
BCO refined with the tetragonal structure (space group P4mm) at 300 K.
If we reduce the volume further ferroelectric and the paraelectric curves coincide
and this indicates the presence of ferroelectric to paraelectric phase transition in
the system. A metamagnetic transition refers to nonmagnetic materials which
change to (anti)ferromagnetic materials with application of a sufficiently large
amount of magnetic field. These types of band magnetism are mainly observed
in Co−based materials. Similar metamagnetic behavior is also observed in the
total energy curves of LaCoO3 previously.[39]
The lattice parameters a (c) of xBaTiO3−(1-x)BiCoO3 linearly increase (de-
creases) with increase the value of x which results in a decrease in tetragonality
(c/a) as shown in Figure 3(a). The substitution of Ba2+ for Bi3+ and Ti4+
for Co3+ lead to these structural parameters changes. As the ionic radii of
Ba2+(1.56) ions are larger than the that of the Bi3+(1.17), these cation substitu-
tions induce isostatic pressure (chemical pressure) on the lattice. The reduction
in tetragonality results in an octahedral coordination (as shown in Figure 3(b))
rather than a pyramidal structure (as shown in Figure 2)for higher x values in
xBaTiO3−(1-x)BiCoO3 solid solution. This large lattice distortion is associated
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Figure 2: (Color online) The crystal structure and total energy vs volume curves for
ferroelectric and paraelectric phases of 0.33BTBCO. It can be seen that Ba(Bi) and
Ti(Co) has 33%(67%) occupancy at the A (corners of the crystal) and B (inside the
polyhedra) sites respectively. The red color(smallest) spheres are oxygens. It is to be
noted that there are two types of oxygens present in the system, one at the apical
(O1) and four at the base (O2).
with reduction in the lone pair electron concentration coming from Bi3+ ion and
also the increase in d0 ions interactions from Ti4+ ion that gives covalency with
increasing value of x.
Our high resolution synchrotron diffraction data measurements made as a
function of x show that tetragonal to cubic phase transition occurs around x
= 0.5 composition (see Figure S1 of the supporting information). To verify
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Figure 3: (Color online) (a) Evolution of lattice parameters of xBaTiO3−(1-x)BiCoO3
as a function of x. The rapidly decreasing a−axis and the slowly increasing c−axis
make the tetragonality (c/a) to decrease continuously with the substitution of BaTiO3.
(b) Total energy as a function of c/a for 0.50BTBCO in the ferroelectric P4mm phase.
The crystal structure shows the octahedral environment of Co surrounded by O atoms
rather than pyramidal environment due to reduction in c. The A− and B− sites are
occupied by Bi/Ba(50%+50%) and Co/Ti(50%+50%), respectively.
this, we have performed energy vs. c/a calculations for xBaTiO3−(1-x)BiCoO3
solid solution as a function of x. To perform this calculation, we have doubled
the unit cell along c−axis to get a 1x1x2 supercell. If the crystal is cubic, one
should get minimum energy for c/a =2. However, the total energy vs c/a curve
showing minimum value at c/a = 2.05 for the composition x = 0.5 as evident
from Figure 3(b). It may be noted that small composition variations and high
temperature synthesis processes can stabilize the paraelectric phase (i.e. a phase
with c/a =2) over the ferroelectric phase as our experimental results suggest.
However drastic reduction of tetragonality with x indicate that the system is
going towards the paraelectric phase with increase in x.
3.2. Electronic and magnetic structure
As shown in Figure 4(a), an anomaly was observed around 120 K on the zero
field cooled (ZFC) measurement curve for 0.30BTBCO. Below the anomaly tem-
perature, the field cooled (FC) curve deviates from the ZFC curve. Therefore,
the anomaly indicates a phase transition from the paramagnetic to either an
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Figure 4: (Color online) (a) ZFC/FC magnetization for 0.30BTBCO. (b) M−H loops
taken at various temperatures for 0.30BTBCO
antiferromagnetic or a ferromagnetic phase. Since the xBaTiO3-(1-x )BiCoO3
solid solution is a magnetically diluted system from BiCoO3, it is expected to
experience similar magnetic interaction as BiCoO3, which is known to be antifer-
romagnetically ordered below its Ne´el temperature TN ∼ 470 K. The Ne´el tem-
perature for other 0.10BTBCO, 0.20BTBCO and 0.40BTBCO are mentioned in
the Figure S2.(a), S2.(b) and S2.(c), respectively in the supporting information.
Figure 4(b) shows the magnetic field dependence of the magnetization (M−H
curves), at different temperatures for 0.30BTBCO. It can be seen that the in-
duced magnetization continuously rises (but does not saturate) with the increase
of the applied magnetic field (until 10 kOe). The curves without any sponta-
neous magnetization indicates the antiferromagnetic nature of the sample.This
is also a typical behavior of the well−known antiferromagnetic ordering in the
BFPT system. [41] This magnetic ordering is originated by superexchange inter-
actions in the Co3+−O−Co3+ arrangement. The detailed magnetic structure
of 0.33BTBCO was determined by our total energy calculations. (See Figures
S3(a), S3.(b) and S3.(c) for the M-H curve for 0.10BTBCO, 0.20BTBCO and
0.40BTBCO, respectively in the supporting information.)
The relative total energies of various spin configurations with respect to the
ground state configuration are summarized in Table.1. Our calculation shows
that 0.33BTBCO is found to be a G−type antiferromagnet with both inter− and
intra−layer antiferromagnetic spin arrangements. The total energy of G−AFM
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Table 1: The calculated total energies 4E (meV/f.u.) relative to the lowest energy states,
the magnetic moments at Co site µCo(µB), total magnetic moments µTot(µB), band gap Eg
(eV) values for different magnetic configurations for 0.33BTBCO
G-AF C-AF A-AF F NM
E 0 39 53 84 120
µCo 2.588 2.537 2.779 2.818 -
µTot 3.049 2.949 3.429 3.563 -
Eg 0.35 0.32 0.27 0.19 Metal
is 39, 53 and 84 meV lower than that of the C−AFM, A−AFM and F con-
figurations, respectively. In order to understand the role of various magnetic
configurations on the electrical properties of 0.33BTBCO, we have analyzed in
detail the total and orbital projected density of states (DOS) for this system
in different magnetic configurations. It can be seen from the optimized crystal
structure that Co is surrounded by 5 oxygen atoms in a square pyramidal config-
uration (see Figure 5(a)). In an ideal square pyramidal crystal field, Co 3d splits
into non-degenerate b2g (dxy), doubly degenerate eg (dxz, dyz), non−degenerate
a1g(dz2) and b1g(dx2−y2). Generally, the xy orbitals are higher in energy than
that of the doubly degenerate yz and zx orbitals under a centrosymmetric
tetragonal crystal field with c/a > 1.[42] It is the non−centrosymmetric dis-
placement that modifies this energy arrangement among the t2g orbitals and
renders the xy orbital get occupied fully with an insulating energy gap above
it (see Figure 5(b) inset). The presence of lone−pair electrons at the Bi site
(seen from electron−localization−function (ELF) plot given in Figure 6) and
orbital−projected DOS for Co (see Figure 7) indicate that the formal valence
for Co ions can be assigned as 3+. In an ideal cubic perovskite−like lattice, the
Co3+ ions in the HS state prefer to form the G−AFM ordering due to the fact
that the Pauli exclusion principle allows the transfer of an electron to the neigh-
boring ion in an antiparallel direction only which is consistent with our results.
The magnetic structure of a separate unit cell corresponds to the G−type AFM
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ordering is shown in Figure 5(a) where each magnetic Co3+ ion is surrounded
by other four Co3+ ions with spins directed opposite to that of the central ion.
Figure 5(b) shows the variation in the magnetic moment at the Co−site as
a function of volume in the G-AFM state. From this curve it may be noted
that when we compress the volume above 5%, suddenly the magnetic moment
at both Co and O1 site reduces to zero showing the magnetic to nonmagnetic
transition in 0.33BTBCO. This effect is explained later with our fixed spin mo-
ment (FSM) plots. The calculated magnetic moments and the total energy with
respect to the ground-state magnetic configuration for 0.33BTBCO are given
in Table.1 Like LaCoO3, 0.33BTBCO also has Co ions in the 3+ states. So,
similar to LaCoO3 one could expect nonmagnetic solution for 0.33BTBCO. But,
owing to the presence of lone pair electrons at the Bi sites, one could expect
anisotropy in the exchange interaction also. Consistent with this expectation
we found that the NM state is found to be 120 meV/f.u. higher in energy than
the G−AFM state in 0.33BTBCO. This suggests that the Bi lone pair electrons
play an important role in not only the ferroelectric behaviors but also in the
magnetic properties.
The total DOS for different magnetic configurations of 0.33BTBCO are
shown in Figure 8. The total DOS for FM configuration shows semiconducting
behavior with a very small band gap in the minority spin channel. When we
introduce AFM ordering, the exchange interaction produces an exchange poten-
tial that effectively shifts the energy of Co 3d band to lower energy and making
the gap wider (see Table.1) as shown in Figure 8. It is hereby found that the
ground state not only depends upon the spin polarization but also depends on
the magnetic ordering. From the partial DOS, a sharp peak can be seen around
−11.5 eV which is corresponding to Bi 6s states.(see Figure 9) In BaTiO3, the
Ti d and O p strongly hybridize making the charges redistribute between the
two states, resulting in a fraction of Ti d states to be occupied.[43, 44] The Bi
6p, Co 3d, Ti 3d and O 2p states are distributed from −6 eV to EF forming a
broad band. This indicates the strong hybridization effect of Co 3d−O 2p, Bi
6p−O 2p and Ti 3d−O 2p states. The p states of Ba atoms and the 2s states
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Figure 5: (Color online) (a) Magnetic structure of 0.33BTBCO doubled along c−axis,
where the arrows at the Co atoms indicate the G−type spin ordering. The square-
pyramidal environment of Co/Ti atoms is indicated by polyhedra. The magnetic
structure is found to be a tetragonal structure (space group P4mm) with lattice pa-
rameters a = 7.4608 (7.4398),and c = 4.7897 (4.7196) A˚. (b) Variation of the spin
magnetic moment Co and O1 (the spin moment at the O2 site is zero and not shown)
with volume for tetragonal phase of 0.33BTBCO. The insets are schematic diagrams
of the HS and LS spin configurations for the Co3+ (3d6) ions.
for O1 and O2 are well-localized and are present around −11 eV and −18 eV,
respectively. Hybridization between Co 3d and the surrounding oxygen ligands
is well known to lead to superexchange interactions in magnetic perovskites.
The hybridizations between occupied Bi 6s, Bi 6p and O 2p states are un-
expected at the first sight. As these issues have great consequences on the
properties of xBaTiO3−(1-x)BiCoO3, they can be understood as follows. The
Bi 6p−O 2p hybridization is evident from the PDOS plot shown in Figure 9
as they are energetically degenerate. The Bi lone pairs are expected to have
primarily 6s character. But according to Figure 6, a lobe can be seen at the Bi
site. To form a lobe, there must be some hybridization interaction between the
neighbors. Watson and Parker[45, 46] suggested that it is due to the p character
from the anions that lone pairs are allowed to form lobe−shaped structures. If
the lone pair 6s electrons overlap with o p states, it can attain a lobe shape
structure. In order to have hybridization between Bi 6s and O 2p orbitals, they
should be energetically degenerate. From Figure 9, we can see that even though
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Figure 6: (Color online) Isosurface (at a value of 0.75) of the valence electron localiza-
tion function of 0.5BTBCO in the ferroelectric P4mm structure.
O 2p states are primarily present at the top of the valence band, finite O p
electrons are present around −10 eV where the Bi 6s electrons are also present.
So, O p electrons participate in the hybridization interaction with the Bi 6s
electrons that bring nonspherical distribution of lone pair electrons.
The calculated magnetic moment at the Co site varies between 2.537µB and
2.818µB per Co atom depending upon the magnetic configuration considered in
our calculations (see Table.1). The calculated magnetic moments at the cobalt
sites are not integer values, since the Co electrons have a hybridization inter-
action with the neighboring O ions. Because of this hybridization interaction
we found that around 0.34µB magnetic moment is induced at each O site in
the ferromagnetic state which are polarized along the same direction as that in
the Co sites. As a result, the net total moment at in 0.33BTBCO is consid-
erably larger (see the total moment in Table.1). The spin state of Co3+ has
been always a topic of interest for the scientific community from the last few
decades due to exotic behavior arising from spin state transitions. It is gen-
erally believed that the Co3+ ions adopt a low−spin (LS) state in octahedral
CoO6 coordination environments and the high−spin (HS) or intermediate spin
16
Figure 7: Calculated orbital−projected density of states for 0.33BTBCO in the a)
ferroelectric (left) and b) paraelectric (right) phases.
(IS) state in pyramidal CoO5 coordination environments. In pure ionic picture
Co3+ with six d electrons will fill the energy levels either with a non-magnetic
LS state (b22g e
4
g a
0
1g b
0
1g) or with a magnetic HS state (b
2
2g e
2
g a
1
1g b
1
1g) having
spin moments 0 and 4µB , respectively. In the IS configuration (b
2
2g e
3
g a
1
1g b
0
1g),
one can expect a magnetic moment of 2µB/Co. The electrons in transition
metals are either participate in bonding or participate in magnetism. Hence
the calculated magnetic moments are expected to be smaller than that for the
pure ionic case owing to covalency effects. So, the calculated spin moment of
3.05µB/f.u. in the ferroelectric phase may be interpreted as that for Co in HS
state. The cooperative magnetism in 0.33BTBCO is originating from the par-
tially filled and localized b22g e
2
g a
1
1g b
1
1g orbitals in Co
3+ ions. Accordingly, our
orbital−projected DOS in Figure 8 for the paraelectric and ferroelectric phases
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Figure 8: Calculated total DOS for 0.33BTBCO in FM, A−AF, C−AF and G−AF
configurations
show LS and HS state for Co, respectively. It is interesting to study the spin
state transition as a function of volume as shown in Figure 10. These calcula-
tions were performed using FSM method with explicit supercell FSM for 33%
BaTiO3 doped BiCoO3 in which one uses magnetic moment M as an external
parameter and calculates the total energy as a function of M . The variation in
total energy as a function of magnetic moment is shown for different unit cell
volumes of 0.33BTBCO in Figure 10 as obtained from fixed spin calculations.
The curves show that the energy difference between the HS and LS state is
about 0.2 eV/f.u. The HS state is found to be the ground state for equilibrium
volume with moment around ∼3.6µB and around 5% volume compression the
LS state is found to be lower in energy than the HS state. This means that
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Figure 9: (color online) Site and angular-momentum projected DOS for 0.33BTBCO
for G−AFM configuration
stong magnetovolume effect is present in this material and hence the HS to LS
transition of Co3+ also plays an important role in the giant volume contraction
found from our experimental studies.
From the total energy calculations, we have found that the ground state mag-
netic ordering for 0.33BTBCO and 0.25BTBCO is G−type AFM where both the
inter− and intra−planes are having antiferromagnetic ordering as shown in fig
5(a). For x = 0.5, 0.67, and 0.75 the ground state emerges to be non−magnetic
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Figure 10: Variation of total energy with magnetic moment for 0.33BTBCO obtained
from the FSM calculations for different volumes. The total energy for non−spin po-
larized case is set to zero.
with Co3+ ions in LS state.In order to understand the magnetic to nonmag-
netic phase transition as a function of compositions (see Figure 11), we have
computed the total energy of xBaTiO3−(1-x)BiCoO3 in the tetragonal struc-
ture for the G−type antiferromagnetic as well as the nonmagnetic case as a
function of x. Let us first analyze the possible electronic origin of the stabiliza-
tion of the magnetic tetragonal phase for x = 0.33 configurations. From the
orbital−projected DOS given in Figure 7, it can be seen that the nonbonding
t2g electrons are piled up near Fermi level (EF ) in the cubic phase in the non-
magnetic configuration. This is an unfavorable condition for stability since the
one-electron energy increases with increasing concentration of electrons closer
to EF . Hence a Peierls−Jahn−Teller−like instability[47] arises and the system
stabilizes in the lower symmetric tetragonal structure. However, for tetragonal
antiferromagnetic phase, the t2g levels split into doubly degenerate a1g state
and singly occupied b1g state. As this crystal field splitting along with exchange
splitting give a gain in the total energy of the system, the antiferromagnetic
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Figure 11: Total energy difference between antiferromagnetic and nonmagnetic state
of xBaTiO3−(1-x)BiCoO3 as a function of x.
phase becomes lower in energy than the nonmagnetic phase (Table.1). Also it
can be seen from Figure 8 that, the EF falls on gap in the DOS in the tetragonal
structure of 0.33BTBCO in the G−AFM configuration. Since the location of
EF on the gap gives extra contribution to the structural stability, 0.33BTBCO
stabilizes in the G-type antiferromagnetic tetragonal structure. For x = 0 and
0.25 also our calculations suggest that xBaTiO3−(1-x)BiCoO3 will stabilize in
the G−type AFM structure with insulating behavior. It is also clear from the
composition vs total energy difference between nonmagnetic−magnetic config-
uration plot (see Figure 11) that from magnetic to nonmagnetic transition is
taking place around x = 0.45. The syaytem is in the ferroelectric as well as
magnetic in the composition range x < 0.45. So one could expect magnetoelec-
tric behavior in the system. However, x > 0.45, the system stabilizes in the
nonmagnetic state with ferroelectric distortion.
Two factors determine the magnetic properties of xBaTiO3−(1-x)BiCoO3
are the composition of the Co atoms and their distance with respect to O atoms.
For higher x values, the overlap interaction between the A -site cation with
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neighbours increases which will suppress the magnetic interaction. Further one
increase the x, the amount of d electrons in the system get reduced since Ti4+
ion in principle don’t have any d electrons. This reduction in d− electron also
contribute to weakening of exchange interaction. As a result, the spontaneous
magnetic ordering dissappers when go beyond x = 0.45. Also for higher x val-
ues not all Co atoms have enough Co atoms as neighbors to have exchange
interaction which makes non-magnetic states stable at higher x values. It may
be noted that when we increase the BaTiO3 content, the nearest distance be-
tween B-site also increases and hence one can expect enhancement in magnetic
interaction due to localization of electrons. However, due to the increase in co-
valency and decrease in the d electron concentration brings nonmagnetic state
stable over magnetic state for x > 0.45. Moreover the tetragonality decreases
with increase in x and hence the interatomic distance between B−site cations
increases (for a tetragonal lattice, the distance between B−site Cations is equal
to the length of the a−axis) which weakens the super-exchange path and hinders
the antiferromagnetic interactions.
3.3. Born effective charge and spontaneous polarization
In order to study the ferroelectric behaviour we have calculated the Born
effective charges (BEC, Z∗) using the Berry phase approach generalized to spin-
polarized systems. [35, 36] These charges are important quantities in elucidating
the physical understanding of piezoelectric and ferroelectric properties since they
describe the coupling between lattice displacements and the electric field. Born
effective charges are also indicators of long range Coulomb interactions whose
competition with the short range forces leads to the ferroelectric transition.
A large Z∗ value indicates that the force acting on a given ion due to the
electric field generated by the atomic displacements is large even if the field is
small, thus favoring a polarized ground state. The calculated avarage diagonal
components of Z∗ values for 0.33BTBCO are Z∗Bi= 5.39, Z
∗
Ba = 3.13, Z
∗
Co= 3.29,
Z∗Ti=5.30, Z
∗
O1 = -2.91, and Z
∗
O2= -2.59. It is known that the formal valence
of Bi, Ba, Co, Ti and O in xBaTiO3−(1-x)BiCoO3 are +3, +2, +3, +4 and -2,
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respectively. The value of Z∗ higher than formal oxidation state of an ion can
reflect the presence of covalency in the bonding interaction of the ion with its
neighbours. We found that the Z∗ of the constituents in xBaTiO3−(1-x)BiCoO3
are significantly large revealing a large dynamic contribution superimposed to
the static charge, that is, a strong covalency effect. This abnormally large
BEC vaulue compared with formal oxidation state for the constituents is an
important feature commonly also found in other ferroelectric compounds.[48, 49]
The maximum change for Co site BEC with respect to static charge is only
10% indicating a relatively smaller covalency effect than that from Ti(+32%
higher than the formal valency). This is because the electrons in Co atoms
contribute more to magnetism rather than bonding. This is in consistent with
our conclusion from the deduced magnetic moments at different atomic sites
and also the bond length from the optimized structure of 0.33BTBCO (Co−O
= 1.884 A˚, Ti−O = 1.787 A˚).
The Born effective charges can also be used to quantify the spontaneous
polarization in xBaTiO3−(1-x)BiCoO3. As the paraelectric phase produces
zero polarization because of absence of dipole, the spontaneous polarization
can be obtained by keeping the optimized paraelectric phase lattice parameter
and changing the atomic position from paraelectric phase to ferroelectric phase.
The introduction of BaTiO3 leads to the decrease in length of c−axis and in-
crease in length of a−axis, resulting the reduction of tetragonality (c/a). As
a result, xBaTiO3−(1-x)BiCoO3 with higher value of x produces an octahe-
dral rather than a pyramidal coordination. The spontaneous polarization for
0.25BTBCO was calculated to be ∼90µCcm−2 which is comparable to that of
multiferroic BiFeO3[8] and much higher than typical piezoelectrics phase such as
PbZr0.52Ti0.48O3 (54µCcm
−2)[50] and PbTiO3−BiScO3 (40µCcm−2).[51] Our
partial polarization analysis shows that the polarization not only coming from
the contribution of Bi3+ lone pairs but also from the displacement of the ions
when going from paraelectric to ferroelectric phase due to the strong Ba/Bi−O
hybridization as well as the coupling interaction between cations such as Ti/Co
and Ba/Bi. Similar calculation using the nominal ionic charges yielded Ps of
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Figure 12: Variation of calculated spontaneous polarization with x for xBaTiO3−(1-
x)BiCoO3. Inset shows the variation of c/a with x
∼50 µCcm−2, almost 45% less than the value obtained using the BECs. The
reduction in the value of polarization obtained using nominal ionic charges is
related to the covalency effect. The calculated polarization values are found
to decrease systematically in xBaTiO3−(1-x)BiCoO3 with the increase in x as
shown in Figure 12. This can be understood as follows. It is well known that
the tetragonality has direct effect on electrical polarization of the tetragonal lat-
tices. The introduction of BaTiO3 leads to the decrease in c−axis and increase
in a−axis, resulting the reduction of tetragonality (c/a). So there is a decrease
in trend is seen in the polarization value with increase in value of x. (see Figure
S4 in the supporting information for polaraization vs c/a plot). Also as we
increase x, the Bi atoms are replaced by Ba atoms at the A−site resulting a
reduction in the lone pair electron concentration in the lattice and consequently
a decrease in polarization.
4. Conclusion
The present experimental and DFT calculation results indicate that xBaTiO3−(1-
x)BiCoO3 possesses magnetoelectric behavior for x ¡ 0.45, which simultane-
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ously show the coexistence of ferroelectricity and antiferromagnetism. Vol-
ume contraction has been observed in xBaTiO3−(1-x)BiCoO3 system at the
ferroelectric−to−paraelectrcic phase transition point for BaTiO3 concentration
< 0.45 where the Co3+ makes an HS−LS transition. For higher x values, it
changes to nonmagnetic ferroelectric phase with reduction in spontaneous po-
larization value because of reducing tetragonality. We have reported that strong
magnetoelectric coupling can be accomplished in materials having a metamag-
netism/magnetic instability. This finding opens up new possibility to find poten-
tial materials where one can vary the magnetic properties drastically (in extreme
cases from a magnetic state to a nonmagnetic state, and vice versa as shown
here) by the application of an electric field. Such strong coupling of magnetic
and electric order parameters can be used for applications in spintronic devices.
One may see data−storage media being alternatives to magneto−optical disks
where the slow magnetic writing process is replaced by a fast magnetic inversion
using electric fields. Thus we have described another route to giant magneto-
electricity, which is strongly related with an associated magnetic instability.
This exciting concept will stimulate further research towards identifying novel
multiferroics for practical applications.
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